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Classical heterostructures 
paved the way 
Zh.I. Alferov, A.F. Ioffe Physico-Technical Institute 
I Following on from the review of quantum wells and superlattices in the last issue of III-Vs Review, this second 
in a series of three articles by Professor Alferov goes back to look at the early history of semiconductor het- 
erostructures and their applications in solid-state electronics. In particular, the part played by the A.F. Ioffe 
Physico-Technical Institute, St. Petersburg, Russia, in this history is highlighted. 
I 
t is impossible to imagine mod- 
ern solid-state physics without 
semiconductor heterostruc- 
tures. Semiconductor heterostruc- 
tures and, particularly, double 
heterostructures (DHS), including 
quantum wells, wires and dots, to- 
day form the subject of research 
for two-thirds of the semiconduc- 
tor physics community. 
While the possibility of control- 
ling the type of conductivity of a 
semiconductor material by doping 
with various impurities and the 
idea of injecting nonequilibrium 
charge carriers were the seeds 
from which semiconductor elec- 
tronics developed, heterostruc- 
tures made it possible to solve the 
more general problem of control- 
ling the fundamental parameters 
inside the semiconductor c ystals 
and device: band gaps, effective 
masses of the charge carriers, the 
mobilities, refractive indices, elec- 
tron energy spectrum, and so on. 
The development of the 
physics and technology of semi- 
conductor heterostructures has re- 
suited in remarkable changes in 
our everyday lives. It is hardly pos- 
sible to imagine our current life 
without DHS laser-based telecom- 
munication systems, heterostruc- 
ture-based light-emitting diodes 
(LEDs), heterostructure bipolar 
transistors (HBTs), and low-noise 
high electron mobility transistors 
(HEMTs) for high-frequency appli- 
cations, including satellite televi- 
sion. DHS lasers now enter 
practically every home in the guise 
of CD players. Heterostructure so- 
lar cells have been widely used for 
space and terrestrial applications: 
the 'Mir' space station has used 
AIGaAs heterostructure solar cells 
for nearly ten years. 
At the Physico-Technical 
Institute, there is an on-going 
programme of research into semi- 
conductor heterostructures. System- 
atic studies of semiconductors 
started in the early 1930s under 
the direct leadership of its founder, 
Abraham Ioffe. V.P Zhuze and I.V. 
Kurchatov studied the intrinsic and 
impurity-induced conductivity of 
semiconductors in 1932. In the 
same year, A.E Ioffe and Ya.I. 
Frenkel formulated the theory of 
rectification at the metal-semicon- 
ductor contact based on the phe- 
nomenon of tunnelling. In 1931 
and 1936 Frenkel published his fa- 
mous articles where he predicted, 
named and developed the theory 
of excitons in semiconductors. 
Experimental proof of the exis- 
tence of excitons was provided by 
E.E Gross in 1951. The first diffu- 
sion theory of rectification at p-n 
heterojunctions, which became 
the basis for Shockley's p-n junc- 
tion theory, was published by B.I. 
Davydov in 1939. 
Studies of intermetallic om- 
pounds were initiated by Ioffe at 
the Physico-Technical Institute in 
the late 1940s.The theoretical pre- 
diction and experimental discov- 
ery of AraB v compounds were 
done independently by H. Welker 
in 1952 and by N.A. Gor'unova nd 
A.R. Regel at the Physico-Technical 
Institute in 1950. In October 1950, 
the 'All-Uni0n Seventh Conference 
on Properties of Semiconductors' 
was held in Kiev. At this confer- 
ence, Regel presented results from 
a study of the electrical properties 
of InSb, the semiconductor p oper- 
ties of which had been predicted 
by Gor'unova. She had synthesized 
InSb and passed it to Regel who 
then found experimental evidence 
of its belonging in the class of 
semiconductors. It should be not- 
ed that Gor'unova had also synthe- 
sized another III-V compound -
AISb - while B. Boltax and V. Zhuze 
at the same conference predicted 
the semiconductor properties of 
AlAs, InSb, GaP and GaSb. 
Proceedings of the conference 
were published in 1952, but were 
never translated into English. 
In 1952 and 1953, Welker pub- 
lished two l inked papers in 
German concerning new semicon- 
ductive compounds; and in these 
publications the notation AraB V 
was first employed. The author as- 
serted thatAmB v compounds should 
be semiconductors. Experimental 
data on InSb and AISb were pre- 
sented in the first paper and on 
GaSb, GaAs and InP in the second. 
Classical 
heterostructures 
The idea of using heterojunctions 
in semiconductor electronics was 
put forward at the inception of 
electronics. In the first patent con- 
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Figure 1. Main physical phenomena in classical heterostructures: (a) one-sided injection and 
superinjection; (b) diffusion in built-in quasi-electric fields, (c) electron and optical confine- 
ment; (d) wide-gap window effect; (e) diagonal tunnelling through heterostructure interface. 
cerned with p-n junction transis- 
tors, W. Shockley proposed a wide- 
gap emitter to obtain more 
efficient injection. A.I. Gubanov of 
the Ioffe Institute was the first to 
theoretically analyse the voltage- 
current characteristics of the isotype 
and anisotype heterojunctions. 
Comprehensive theoretical consid- 
erations at this early stage of het- 
erostructure research were 
provided by H. Kroemer, who in- 
troduced the concept  of quasi- 
electric and quasi-magnetic fields 
in a graded heterojunction and 
made an assumption that hetero- 
junctions might exhibit extremely 
high injection efficiencies in com- 
parison to homojunct ions [1,2]. 
The next important step was 
made several years later when the 
concept  of the DHS laser was for- 
mulated independently by us [3] 
and Kroemer [4,5]. In our patent 
we outlined the possibility of 
achieving both a high density of in- 
jected carriers and inverse popula- 
tion by 'double' injection. We espe- 
cially pointed out that 
homojunction lasers "do not pro- 
vide CW operation at elevated tem- 
peratures" and we considered DHS 
lasers to have the possible addi- 
tional advantages "to enlarge the 
emitting surface and to use new 
materials in various regions of the 
spectrum". In his article, Kroemer 
proposed to use the DHS to con- 
fine carriers in the active region. 
He claimed that "laser action 
should be obtainable in many of the 
indirect gap semiconductors and 
improved in the direct gap ones, if 
is possible to supply them with a 
pair of heterojunction i jectors". 
Initially the theoretical progress 
was much faster than experimental 
realization. In 1966 [6] we predict- 
ed that in heterojunctions the den- 
sity of injected carriers could be 
several orders of magnitude 
greater than the carrier density in 
the wide-gap emitter Csuperjunc- 
tion" effect). The same year [7], I 
summarized our understanding of 
the main advantages of the DHS for 
different devices, especially for 
lasers and high-power rectifiers: 
"The recombination, light emit- 
ting, and population inversion 
zones coincide and are concentrat- 
ed in the middle layer.As a result of 
potential barriers at the bound- 
aries of semiconductors having for- 
bidden bands of different width, 
the through currents of electrons 
and holes are completely absent, 
even under strong forward volt- 
ages, and there is no recombina- 
tion in the emitters (in contrast o 
p-i-n, p-n-n +, n-p-p + homostruc- 
tures, in which the recombination 
plays the dominant role). Because 
of a considerable difference be- 
tween the permittivities, the light 
is completely concentrated in the 
middle layer, which acts as a high- 
grade waveguide, and thus there 
are no light losses in the passive 
regions (emitters)." 
The most important character- 
istics of semiconductor hct- 
crostructures we underlined at 
that time are: superinjection of car- 
riers; optical confinement; and 
electron confinement. It only re- 
mained to find the heterostruc: 
tures where these phenomefi'a 
could be realized. 
At that time a general scepti- 
cism existed regarding the possibil- 
ity of creating an 'idcal' 
heterojunction with a defect-free 
interface and, primarily, with theo- 
retical injection properties. Even a 
pioneering study of the first lattice- 
matched epitaxially grown single- 
crystal heterojunction of Ge-GaAs 
by R.L. Anderson in 1959 did not 
give any proof of the injection of 
nonequil ibrium carriers in het- 
erostructures. Heterojunction re- 
search was focused on the study of 
deep levels at the interface.Actual 
realization of efficient wide-gap 
emitters was considered as virtual- 
ly impossible and the DHS laser 
patent was often referred to as a 
'paper patent'. 
IIt-Vs Review • Vol.11 No.1 1998 
27  
Heterostructures Feature 
(a) 
'E 
(3) 
Itlllff[ll[[lllillll 
1.59 eV 
-tP 
1.39 eV 
1 
(2) } 1.59 eV 
(b) 
~" -tl- 
I 
] 1.61 eV (1) 
,1,- I T I 
7100 7700 8300 8900 7760 
Wavelength (/~) 
782( 
Figure 2. Radiation spectrum for the first room-temperature low threshold current AIxGa I xAs 
DHS laser (Jth = 4300 A.cm2); Laser area S = 22x10 3 cm 2. (a) Mark spacing 26 ~, current 
(1): O. 7 A, (2): 8.8 A, (3): 13. 6 A. (b) The structure of the peak of coherent radiation. Mark 
spacing 12,4, current (1): 13.6 A, (2): 18 A. (After Zh.I.Alferov et al. [7].) 
Searching for systems 
Mostly as a result of this general 
scepticism only a few groups exist- 
ed that were trying to discover the 
'ideal couple'.This was, naturally, a
difficult problem, requiring that 
many conditions of compatibil ity 
shotfld be met between thermal, 
electrical and crystallo-chemical 
properties, and between the crys- 
tal and the band structure of the 
contacting materials. 
A lucky combination of a num- 
ber of propert ies (i.e. a small effec- 
tive mass and wide energy gap, 
effective radiative recombination 
and a sharp optical absorption 
edge owing to 'direct' band struc- 
ture, a high mobility at the absolute 
minimum of the conduction band 
and its strong reduction of the 
nearest minimum at the (100) 
point) ensured GaAs a place of ho- 
nour in semiconductor physics 
and electronics even at that time. 
As the maximum effect is obtained 
by using heterojunctions between 
the semiconductor serving as the 
active region and a wider band ma- 
terial, the most promising systems 
investigated at that time were GaP- 
GaAs and AIAs-GaAs.To be 'compat- 
ible', materials of the 'couple' 
should have, as the first and the 
most important condition, close 
values of the lattice constants; 
therefore heterojunctions in the 
system AIAs-GaAs were preferable. 
Before starting work on the prepa- 
ration and study of these hetero- 
junctions, however, one had to 
overcome a certain 'psychological' 
barrier. AlAs had been synthesized 
in 1928, but many properties of 
this compound remained unstud- 
ied because AlAs was known to be 
chemically unstable and decom- 
pose in moist air.The possibility of 
preparing stable heterojunctions 
in this system did not seem very 
promising. 
Initially, our attempts to create 
DHS were related to a lattice-mis- 
matched GaAsP system and, using 
vapour phase epitaxy (VPE), we 
succeeded in fabricating the first 
DHS lasers in this system. The lat- 
tice mismatch, however, resulted in 
lasing occurring only at liquid ni- 
trogen temperature, as in homo- 
junction lasers. But, from a purely 
academic viewpoint, this does rep- 
resent the first practical result ob- 
tained for a lattice mismatched, 
even partially relaxed, system. The 
experience we gained from study- 
ing the GaAsP system was very im- 
portant for understanding many 
specific heterojunction physical 
properties and the basics of het- 
eroepitaxy. Development of the 
multichamber VPE method for the 
GaAsP system permitted us, in 
1970, to create superlattice struc- 
tures with a period of 200 A, and to 
demonstrate the splitting of the 
conduction band [8]. 
But, for practical purposes, we 
concluded at the end of 1966 that 
even the small lattice mismatch in 
heterostructures of composit ion 
GaP0.15As0.ss/GaAs does not per- 
mit realization of the potential ad- 
vantages of the DHS. At that time 
my co-worker D.N.Tret'yakov told 
me that small crystals of solid solu- 
tions of AlxGal.xAS of different 
compositions, which had been pre- 
pared two years earlier by cooling 
from the melt, had been put aside 
and remained unchanged. It was 
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Figure 3. Schematic representation of the first CW, room-temperature DHS injection laser. 
immediately apparent thatAlxGal.xAs 
solid solutions are chemically sta- 
ble and suitable for the preparat ion 
of durable heterostructures and de- 
vices. Studies of phase diagrams 
and growth kinetics in this system 
and the development  of the liquid 
phase epitaxy (LPE) method espe- 
cially for heterostructure growth 
soon resulted in fabricating the 
first lattice-matched MGaAs het- 
erostructures. When we published 
our paper  on this subject, we were 
lucky to be the first to discover a 
unique, practically an ideal, lattice- 
matched system for GaAs [9] but, 
as frequently happens,  simultane- 
ously and independently the same 
results were achieved by H. 
Rupprecht and J. Woodall at the 
T.Watson IBM Research Center 
[101. 
Rap id  progress  
Following these discoveries, 
progress in the semiconductor  het- 
erostructure area was very rapid. 
First we experimental ly proved 
both the unique injection proper- 
ties of the wide-gap emitters and 
the superinjection effect, found 
the stimulated emission in A1GaAs 
DHS, and established the band-dia- 
gram of the AlxGal.xAs/GaAs het- 
erojunction. We carefully studied 
luminescence properties, diffusion 
of the carriers in a graded het- 
erostructure and the very interest- 
ing peculiarities of the current 
f low through the heterojunction - 
similar, for instance, to diagonal 
tunnelling-recombination transitions 
directly between holes of the nar- 
row-band and electrons of the 
wide-band heterojunction compo- 
nents (Figure 1). 
The first DHS lasers with a low 
threshold current at room temper- 
ature (Figure 2) were demonstrat- 
ed in 1968 [11]. To attract both 
attention to the work and financial 
support for heterostructure r search 
at the Institute, we made these first 
lasers with a wavelength in the visi- 
ble (0.78 /am) in order to demon- 
strate the feasibility of these devices 
to industry and academia t large. 
Later such lasers found wide appli- 
cation in CD players. 
At the same time, we created 
most of the other important de- 
vices demonstrating the main ad- 
vantages of the heterostructure 
concept: high-efficiency single and 
double heterostructure LEDs, het- 
erostructure solar cells, HBTs and 
heterostructure p-n-p-n switching 
devices. Most of these results were 
achieved in other laboratories 
within the next 1-2 years. But in 
1970 the international competit ion 
became very strong. Later on one 
of our main competi tors Izuo 
Hayashi, who was working togeth- 
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I1(I V)-Vl compounds, and magnetic materials (in parentheses). Lines connecting the semi- 
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er with Morton Panish at the Bell 
Telephone Labs in Murray Hill, 
wrote:" In September  1969 Zhores 
Alferov of the Ioffe Institute in 
Leningrad visited our laboratory. 
We realized he was already getting 
a Jth (300 K) of 4.3 kA.cm 2 with a 
DHS. We had not realized that the 
competit ion was so close and re- 
doubled our efforts. Room-temper-  
ature cont inuous wave (CW) 
operation was reported in May 
1970...". 
In our 1970 paper  [12], CW las- 
ing was realized in str ipe-geometry 
lasers formed by photol i thography 
and mounted on copper  plates 
covered by silver (Figure 3). The 
lowest Jth density at 300 K was 
940 A.cm 2 for broad-area lasers 
and 2.7 kA.cm 2 for stripe lasers. 
Independently, CW operat ion in 
DHS lasers was reported by 
Hayashi and Panish [13] (for broad- 
area lasers with diamond 
heatsinks) in a paper  submitted on- 
ly one month later than our work. 
The achievement of CW operat ion 
at room temperature produced an 
explosion of interest in the physics 
and technology of semiconductor  
heterostructures. In 1969, A1GaAs 
heterostructures were studied in 
just a few laboratories, mostly in 
the then USSR and the USA, but by 
the beginning of 1971 many uni- 
versities and industrial aboratories 
in the USA, USSR, UK and Japan, 
and also in Brazil and Poland, start- 
ed investigations of III-V het- 
erostructures and heterostructure 
devices. 
At this early stage of hetero- 
structure physics and technology, 
it became clear that we had to look 
for new lattice-matched hetero- 
structures in order to cover a 
broad area of the energy spectrum. 
The first important step was car- 
ried out in 1970: we reported [14] 
that various lattice-matched hetero- 
junctions based on quaternary III-V 
solid solutions were possible, 
which permitted independent vari- 
ation between lattice constant and 
band gap. Later on G. Antipas with 
co-workers at Varian came to the 
same conclusions. Using this idea 
we considered different InGaAsP 
composit ions and soon this materi- 
al was recognized as being among 
the most important, for many dif- 
ferent applications uch as photo- 
cathodes and especially lasers. 
Figure 4 shows the 'map'  of the 
heterostructure materials that are 
being used in modern electronics 
and research. In the early 70s, het- 
erostructure materials were limit- 
ed to two areas: AIGaAs and 
InGaAsE These still remain most 
important in terms of practical ap- 
plications and as modell ing struc- 
tures for research. 
The main concepts for a semi- 
conductor  distributed feedback 
(DFB) laser were formulated by us 
in a patent in 1971 [15]. In the 
same year H. Kogelnik and C.V. 
Shank considered the possibility of 
replacing the Fabry-Perot or similar 
types of resonator in dye-lasers 
with periodic bulk inhomo- 
geneities [16]. It should be noted 
that their approach is not applica- 
ble to semiconductor  lasers, and all 
laboratories that carried out re- 
search in DFB and distributed 
Bragg reflector (DBR) semiconduc- 
tor lasers used the ideas formulat- 
ed in our Patent, namely: 
The diffraction grating is creat- 
ed not in the bulk, but on a sur- 
face waveguide layer; 
Interaction of waveguide 
modes with the surface diffrac- 
tion grating gives not only dis- 
tributed feedback but also 
highly coll imated light output. 
Detailed theoretical analyses of 
the semiconductor  laser with sur- 
face diffraction grating were pub- 
lished in 1972 by R.E Kazarinov 
and R.A. Suris. In this paper  they 
established the principles of single- 
frequency generation. The first 
practical semiconductor  lasers 
with a surface diffraction grating 
and DFB were realized simultane- 
Table 1. Important aspects of the development of classical heterostructures. 
Fundamental  Physical Phenomena (see Figure 1) 
* One-sided injection 
* Superinjection 
* Diffusion in built-in quasi-electric fields 
* Electron conf inement 
* Optical conf inement 
* Wide-gap window effect 
* Diagonal tunnell ing through the heterostructure 
interface 
Important  Consequences  for Appl icat iom 
* Semiconductor  lasers: low threshold currents and 
CW operation at room temperature; DFB and DBR 
lasers; vertical cavity surface emitting lasers 
(VCSELs); IR type-II heterostructure lasers. 
* High-efficiency LEDs 
* Solar cells and photodetectors  based on the wide- 
gap window effect 
* Semiconductor integrated optics based on semicon- 
ductor DFB and DBR lasers 
* Bipolar wide-gap transistors 
* Transistors, thyristor and dynistors with photonic 
signal transmission 
* High-power diodes and thyristors 
* IR to visible converters 
* Effective cold cathodes 
Important  Technological Peculiarities 
* Require lattice-matched structures 
* Mult icomponent solid solutions needed for lattice- 
matching 
* Require epitaxial growth technology 
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ofisly at the Physico-Technical 
Institute, Caltech, and the Xerox 
Lab in Palo Alto. 
In the early 1980s, H. Kroemer 
and G. Griffiths published a paper 
[ 17] that stimulated strong interest 
in staggered line-up heterostruc- 
tures (type lI heterojunctions). 
Spatial separation of electrons and 
holes at the interface results in a 
tunability of their optical proper- 
ties. Staggered band alignment al- 
lows optical emission with a 
photon energy much smaller than 
the band-gap energy of either of 
the semiconductors forming a het- 
erojunction. 
Demonstration of the injection 
laser based on the type-II 
GaInAsSb-GaSb heterojunction by 
A.A. Rogachev's group in 1986 at 
the Ioffe Institute showed promise 
for the creation of effective coher- 
ent light sources in the mid-IR 
wavelength range. Radiation in 
such a device is due to recombina- 
tion of electrons and holes local- 
ized in self-consistent potential 
wells at opposite sides of the het- 
erointerface. Thus type-II het- 
erostructures open possibilities 
both in fundamental physics and 
for device applications that cannot 
be realized with type-I heterostruc- 
tures in the III-V material system. 
However, practical applications 
of these structures are still ham- 
pered by a poor understanding 
of their fundamental properties 
and the small number of actual 
systems that have been studied 
experimentally up to now. 
The most important results 
covered in this brief review of the 
development of classical hetero- 
structures are summarized inTable 1. 
Concluding this summary of 
the early development of bulk het- 
erostructures, it may be said that 
the invention of an 'ideal' hereto- 
junction and introduction of the 
heterostructure concept into semi- 
conductor physics and technology 
have led to the discovery of new 
physical effects, fundamental im- 
provement to the characteristics of 
practically all known semiconduc- 
tor devices, and the invention of 
new devices. 
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